We have created a new autonomous (computer-free) adaptive optics system using holographic modal wavefront sensing and closed-loop control of a MEMS deformable mirror (DM). A multiplexed hologram is recorded using the maximum and minimum actuator positions on the deformable mirror as the "modes". On reconstruction, an input beam is diffracted into pairs of focal spots and the ratio of the intensities of certain pairs determines the absolute wavefront phase at a particular actuator location. We present the results from an ultra-compact, 32-actuator prototype device operating at 100 kHz. It is largely insensitive to obscuration and has a speed independent of the number of actuators.
INTRODUCTION
Adaptive optics can be used for the correction of wavefront errors in image beams and relative phase errors in multiple beam combination. The process typically involves the use of a phase distorter to apply a correction of sensed phase errors in one or more input beams. Typically the sensing of the phase errors is a slow process due to the large number of complex calculations required. As the number of actuators and subapertures increases this becomes more of a restriction in both bandwidth and cost. In order to correct severely distorted wavefronts requiring 1000s of actuators at extremely high speeds (>10kHz), new technologies are required.
Here we present such a solution: a holographic adaptive laser optics system (HALOS) which incorporates a multiplexed hologram that in effect acts as an all-parallel, massively parallel wavefront sensor. The hologram converts local phase information into intensity information in the form of multiple focused beams. By analyzing the relative brightness of a particular pair of focal spots we can obtain a measure of the wavefront phase over a particular location. Beyond this simple ratio measurement there are no complex calculations, and since photodetectors are used rather than CCDs in conventional sensors, the sensing and characterization is extremely fast. HALOS can be configured to determine phase in terms of the modes of the phase correction device, allowing for computer-free feedback control to further increase speeds to hundreds of kilohertz. Most importantly though, the detection and closed-loop correction is all-parallel, so the speed of the system is just as high for one million actuators as it is for one.
HOLOGRAPHIC WAVEFRONT SENSOR
We have described the construction and operation of the holographic wavefront sensor in detail in previous papers [4] [5] [6] , and will give a more simple description here. We begin by recording the pushing on a particular actuator on the deformable mirror to generate the minimum phase distortion on an input beam. A hologram is then created with the interference between this object beam and a reference beam focused to a distant point A ( Figure 1a) . Next, the same actuator is pulled to its maximum extent to generate a wavefront with maximum phase error. A second hologram is then multiplexed with the first -this time using a reference beams focused to a different point B (Figure 1b) . Multiplexing is a fairly straightforward procedure that enables the retention of the phase information in each recorded wavefront.
If the actuator is now set to some arbitrary stroke, an arbitrary phase error will be generated at that particular location on the wavefront. When this beam is incident on the multiplexed hologram there will be two wavefronts reconstructed, one focused to each of the points A and B (Figure 1c ). The efficiency of the reconstruction of each beam depends on the degree to which the phase matches either of the recording conditions. Thus, we can determine the absolute phase of the wavefront from a simple measurement of the ratio of focal spot intensities. With an appropriate choice of photodetector, this can be accomplished at extremely high speeds without the need for a computer in the loop. iiiktilhiii 900 1000
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CONCLUSION
We have presented a holographic adaptive optics system (HALOS) that uses a multiplexed hologram to analyze and correct wavefront phase. The entire system is computer-free and sufficiently compact to fit on a very small optical breadboard and operates at closed-loop bandwidth exceeding 100kHz. This speed is independent of the number of actuators and is largely insensitive to obscuration and background light. We are investigating the modification of HALOS for all manner of high-power, high speed and high fidelity AO systems including image correction and phased beam combination.
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